Introduction
============

With the rise of age in Western populations, health care systems and physicians will be increasingly confronted with special age-associated health conditions, comorbidities, and syndromes demanding different diagnostic and therapeutic approaches compared to younger patients. Anemia and frailty are two common syndromes in older patients,[@b1-cia-11-319] both describing a state of unphysiologic deficiency and imbalance: "anemia" derives from the Greek terms "αν-", meaning "no", and "-αιμία", meaning "blood", describing a lack of red blood cells; "frailty" derives from the Latin term "fragilitas", meaning "ephemerality" and "weakness", indicating a state of vulnerability predisposing to adverse outcomes.[@b1-cia-11-319] Besides their association with advanced age, their increased prevalence among older people, and their association with functional decline and adverse outcomes, several recent studies have also revealed an association between anemia, frailty, and the age-associated state of chronic inflammation, based on immunosenescence.[@b2-cia-11-319]--[@b5-cia-11-319] This process of "inflammaging" is characterized by an age-associated chronic upregulation of the inflammatory immune response with increased levels of proinflammatory cytokines like interleukin-1 (IL-1), IL-6, and tumor necrosis factor (TNF).[@b2-cia-11-319],[@b4-cia-11-319] Inflammaging is believed to be a consequence of a lifetime exposure to antigenic load and environmental free radicals, resulting in a chronic proinflammatory state.[@b4-cia-11-319] The present article focuses on this association between anemia, frailty, and inflammaging.

Anemia in the aged
==================

The term "anemia" describes a lack of red blood cells, associated with reduced levels of hematocrit and hemoglobin (Hb). Hb is an iron-containing metalloprotein responsible for the physiologic transportation of oxygen inside the red blood cells throughout the human body.[@b6-cia-11-319] A lack of oxygen is known to be fatal for human organs and may cause malfunction and, if it persists, even organ failure.[@b7-cia-11-319] Anemia is therefore an unphysiologic state that has to be compensated. While anemic younger patients may rely upon their organ reserves to compensate the lack of oxygen, anemic older patients \>65 years appear rather disadvantaged on this point, because aging is associated with a progressive loss of functional organ reserves, increasing the risk of frailty.[@b8-cia-11-319]

Anemia is a frequent finding in older patients and has been shown to be associated with increased physical impairment,[@b9-cia-11-319],[@b10-cia-11-319] frailty,[@b11-cia-11-319] cognitive decline,[@b12-cia-11-319] depression,[@b13-cia-11-319] and mortality.[@b14-cia-11-319] Several international studies have shown that the prevalence of anemia varies depending on the population considered: A study of the third National Health and Nutrition Examination Survey (NHANES III 1991--1994) showed an anemia prevalence of \>20% among community-dwelling seniors \>85 years.[@b15-cia-11-319] A more recent study among Indian home-dwelling people was consistent with this finding,[@b16-cia-11-319] while a systematic review by Gaskell et al[@b17-cia-11-319] among geriatric inpatients \>65 years living in developed countries found an anemia prevalence of up to 40%. A large Austrian epidemiologic study showed a comparable prevalence of anemia among Austrian geriatric inpatients aged ≥90 years.[@b18-cia-11-319] Our own research group found even higher prevalence rates of \>50% in German geriatric inpatients aged ≥70 years,[@b19-cia-11-319],[@b20-cia-11-319] which is consistent with Spanish findings among geriatric inpatients.[@b21-cia-11-319] Preliminary results of the first German multi-center study on anemia prevalence among geriatric inpatients found a prevalence of \>55% and confirmed the previous findings of the monocentric studies.[@b22-cia-11-319]

According to NHANES III, anemia can be roughly divided into three subtypes: anemias with nutrient deficiency like iron, folate, or vitamin B12 deficiency; anemias without nutrient deficiency like renal anemia (RA) or anemia of chronic inflammation (ACI); and anemias that cannot be classified and are therefore called "unexplained anemias" (UAs).[@b15-cia-11-319] Each of the subtypes formed one-third of all anemias in NHANES III. Results of the large Austrian epidemiologic study on older patients revealed ACI to be the most prevalent subtype with 62.1%.[@b18-cia-11-319] This finding was confirmed by the German multicenter study on anemia prevalence among geriatric inpatients.[@b22-cia-11-319]

Anemia with nutrient deficiency is often associated with malnutrition, which is an important health-affecting factor among older patients. A review by Ahmed and Haboubi[@b23-cia-11-319] gives a broad insight into the age-associated biophysiological changes of the digestive system. Age-associated changes in the gastrointestinal tract as well as polymedication, depression, or social isolation are risk factors for malnutrition in older patients,[@b23-cia-11-319] resulting in anemia-relevant deficiency of micronutrients like iron, folic acid, vitamin B12, zinc, and copper.[@b24-cia-11-319]

UA is considered an exclusion diagnosis due to lack of clear consensus on its clinical or experimental approach. Makipour et al reviewed a number of potential causes, including androgen insufficiency, stem cell aging, and myelodysplasia.[@b25-cia-11-319]

ACI underlies the focus of the present review and will be the subject of the next section.

In most of the epidemiologic studies on anemia in the aged, WHO criteria are applied to define anemia with women being anemic if Hb \<12 g/dL and men being anemic if Hb \<13 g/dL. However, the validity of these reference values for older patients, which were developed \>40 years ago by a WHO expert group,[@b26-cia-11-319] is controversial.[@b27-cia-11-319]--[@b29-cia-11-319] Several studies have shown that application of WHO criteria for anemia definition is not appropriate for aged patients.[@b27-cia-11-319],[@b29-cia-11-319] Not only was a reverse J-shaped association between Hb and risk for all-cause mortality shown,[@b27-cia-11-319],[@b28-cia-11-319] but also an increasing mortality risk at elevated Hb levels.[@b28-cia-11-319] There is an ongoing quest for what can be considered a normal Hb reference value in older patients.

Current insights into ACI
=========================

ACI, also known as anemia of chronic diseases, is the most common type of anemia in older patients. It is usually found in diseases associated with immune activation such as infections, autoimmune disorders, or age-associated inflammaging.[@b30-cia-11-319] The development of ACI is assumed to result from the interaction of several factors: iron retention in cells of the reticuloendothelial system (RES) makes the metal unavailable for erythropoiesis. This retention is mediated by inflammation-associated excessive elevation of the iron-regulatory peptide hepcidin, inhibiting the release of iron from RES cells.[@b31-cia-11-319] Hepcidin is responsible for the downregulation of the iron export protein ferroportin. Thus, iron remains "locked up" in the stores, resulting in a state of functional iron deficiency. Despite hepcidin-dependent iron limitation being considered to be the key factor in the development of ACI, the exact mechanisms underlying the blockade of erythropoiesis during inflammation are not well understood yet. Recent studies have focused on the bone marrow microenvironment, having a vital influence on the development of hematopoietic stem cells (HSCs).[@b32-cia-11-319] There is increasing knowledge that the cells of the bone marrow microenvironment produce factors and cytokines which are important for the self-renewal and survival of HSCs and that they can sense the hematopoietic needs of the organism, adapting the hematopoietic processes to the needs. Cells of the bone marrow microenvironment act as regulators of the hematopoietic differentiation, based on a complex interaction of cytokines.[@b32-cia-11-319] The release of inflammatory cytokines like IL-6, IL-1, TNFα, and interferon γ (IFNγ) triggers ACI[@b33-cia-11-319],[@b34-cia-11-319] by an increase of myelopoiesis at the expense of erythropoiesis, which is reduced and finally arrested.[@b32-cia-11-319] It is therefore assumed that systemic chronic inflammations may cause alterations in the bone marrow microenvironment, resulting in altered erythropoiesis.[@b32-cia-11-319]

Current aspects of frailty
==========================

Results from recent studies increasingly suggest an association between immunosenescence, inflammation, and the development of frailty: The age-associated overall change of the immune system is called immunosenescence. According to Franceschi et al,[@b35-cia-11-319] inflammaging is part of the immunosenescence process, consisting of an age-associated upregulation of the inflammatory response, resulting in a low-grade proinflammatory state.[@b4-cia-11-319] This proinflammatory state is characterized by increased levels of inflammatory cytokines, such as IL-6, IL-1, TNFα, and IFNγ. These cytokines have been shown to rise with age[@b36-cia-11-319] and to be associated with the development of ACI[@b32-cia-11-319] and other age-associated diseases.[@b37-cia-11-319] The process of immunosenescence has been shown to result in increased vulnerability to infectious diseases as well as to susceptibility of inflammation-associated pathologies in connection with, eg, chronic kidney disease, cardiovascular disease, Alzheimer's disease, or diabetes mellitus.[@b2-cia-11-319],[@b4-cia-11-319],[@b38-cia-11-319] A study by Chang et al[@b2-cia-11-319] on the association between inflammatory disease burden and frailty revealed that a higher inflammatory disease count favors the occurrence of frailty in older patients. The consequence of the constant proinflammatory state does not only increase susceptibility to age-related diseases but also makes older patients prone to faster progression of all age-associated diseases.

Before realization of these biochemical insights into the pathogenesis of frailty, the syndrome of frailty experienced a more clinical approach. In the context of geriatrics, frailty describes a decline in physical strength, lean body mass, and power, associated with decreased balance, decreased walking performance, and low activity.[@b39-cia-11-319] Frailty has been associated with age for a very long time: The Shakespearean "shrunk shank" implies the age-associated loss of muscle mass or "sarcopenia". Frailty is considered to be a high risk state for adverse health outcomes. In 2001, Fried et al developed the first definition of frailty, based on the relationship between biologic and age-associated markers, linking in a cycle of frailty, spiraling down through sarcopenia, osteoporosis, and chronic undernutrition to reduced walking speed, weight loss, and finally immobility.[@b39-cia-11-319] Based on this finding, frailty is defined by the presence of three of the five "Fried criteria": exhaustion, weight loss, low activity, slow walking speed, and reduced grip strength.[@b39-cia-11-319] A state of pre-frailty is defined by the presence of one or two of the five criteria.[@b39-cia-11-319]

Recent studies have revealed that additional factors increase the odds for being frail: Results of the San Antonio Longitudinal Study of Aging (SALSA) study showed that the ethnic composition and the economic environment of the neighborhoods of older Mexican Americans influence their chance to be frail.[@b40-cia-11-319] Similar findings were made by a French study group, underlining the adverse long-term effects of socioeconomic inequality over the lifetime of healthy aging older French individuals.[@b41-cia-11-319] A Spanish study group showed an association between frailty and impaired basic activities of daily living as well as mortality among institutionalized older adults.[@b42-cia-11-319] Frailty has been further shown to be associated with polymedication[@b43-cia-11-319] and poor postoperative outcome.[@b44-cia-11-319],[@b45-cia-11-319] The association with anemia will be discussed in the following paragraph.

Association between anemia, frailty, and inflammaging
=====================================================

Several studies have shown that anemia is associated with functional loss and poor outcome in older patients and has therefore been identified as an additional factor in the development of frailty.[@b1-cia-11-319],[@b45-cia-11-319],[@b46-cia-11-319] While the Fried criteria of frailty were based strictly on biological characteristics,[@b39-cia-11-319] the recently developed frailty index (FI) by Ng et al[@b11-cia-11-319] also includes socioeconomic and nutritional factors and comorbidities like anemia.[@b11-cia-11-319] Among the final 13 frailty predictors of the index were "low Hb" and "elevated white blood cell count (WBC)", implying the association between frailty, anemia, and inflammation. Indeed, in older patients, anemia and frailty have been shown to share a pathophysiology associated with chronic inflammatory processes,[@b2-cia-11-319],[@b47-cia-11-319] induced by immunosenescence-associated changes[@b4-cia-11-319] and oxidative stress.[@b47-cia-11-319] Oxidative stress describes an imbalance between the physiologic oxidant and the antioxidant system of the human body, with prevalence of oxidants. Oxidants are physiologic products of the O~2~ energy metabolism, which can accumulate in certain disease conditions.[@b47-cia-11-319] The so-called "oxygen-free radicals" or reactive oxygen species (ROS) are extremely reactive molecules, causing harm by affecting cell membranes, proteins, enzymes, and DNA where they may alter genetic information.[@b48-cia-11-319] A recently published review by Barnes[@b49-cia-11-319] focused on the association between inflammaging, age-associated burden of diseases, and oxidative stress. Using the example of COPD, the author underlines the necessity of a multidimensional diagnostic and therapeutic approach based on the knowledge of the underlying molecular age-associated pathways.

Despite this growing awareness of a pathogenetic association between inflammaging, frailty, and anemia in older patients and the finding that anemia predisposes to a poorer disease outcome,[@b50-cia-11-319] until now a cause-and-effect relationship between anemia, frailty, and inflammation cannot be established.

A recent review by Wu et al gives an interesting insight into the intertwined association between frailty and inflammaging. The authors underline that aging is a process of deterioration and decline of physical strength, resulting from an individually different lifelong accumulation of intracellular and cellular damage, which may lead to systemic and organic failure.[@b51-cia-11-319] At the advanced stage, aging is associated with organ dysfunction, which might easily turn into organ failure in the presence of stress factors. Due to the individual heterogeneity of the aging process, physicians and health carers are in need of biomarkers, indicating the level of organ dysfunction. These biomarkers will allow an optimized prediction of morbidity, mortality, and adverse health outcome in every individual patient. Frailty has been shown to be such a biomarker, indicating that the aging process has reached the level of organ dysfunction if at least three of the five Fried criteria are met.[@b39-cia-11-319],[@b51-cia-11-319] Inflammaging, as a result of the age-associated immunosenescence, contributes to organ failure at the cellular level due to the associated increase of cytokines. These cytokines might also serve as biomarkers for the advanced aging process. Wu et al give a solid review of studies supporting the biomarking roles of cytokines as well as frailty in the individual health risk management of older patients.[@b51-cia-11-319]

As mentioned earlier, the pathogenetic association between ACI and inflammaging is based on increased levels of cytokines, possibly released by HSCs. However, until now, anemia has not been generally acknowledged as a biomarker for advanced age. A Spanish study group[@b52-cia-11-319] showed a significant association between the anemia-associated parameter red cell distribution width (RDW) and mortality, with RDW rising during the last 5 years of life. Elevated RDW levels, reflecting an increase of anisocytosis, have been shown to be associated with chronic diseases[@b53-cia-11-319] and chronic inflammation.[@b54-cia-11-319] The close relationship of anemia and anemia-associated parameters like RDW with inflammaging and frailty in older patients merits further research regarding their potential role as biomarkers.

Is eryptosis a link?
====================

Erythrocyte suicidal death or eryptosis is a physiologic mechanism to remove defective erythrocytes from blood circulation. It is characterized by cell shrinkage and translocation of phosphatidylserine to the membrane surface, enabling phagocytes to engulf erythrocytes and eliminate them from circulation to prevent hemolysis.[@b55-cia-11-319] In their very detailed review article, Lang and Lang described triggers of eryptosis, including oxidative stress and multimorbidity.[@b55-cia-11-319] Eryptosis was described in connection with several morbidities like diabetes mellitus, chronic heart disease, chronic renal insufficiency, and dehydration.[@b55-cia-11-319] A recent study by Pretorius et al[@b56-cia-11-319] focused on the association between eryptosis and the inflammatory signaling in Parkinson's disease (PD) based on the inflammatory cytokines involved in PD pathophysiology and eryptosis. They showed that erythrocytes of PD patients had a deranged morphology which might be due to eryptosis;[@b56-cia-11-319] however, causality could not be explained. An interesting recent study by Lupescu et al[@b57-cia-11-319] revealed a significant higher rate of phosphatidylserine presenting erythrocytes in older patients aged 88.6±0.9 years than in younger patients aged 31.3±1.7 years.[@b57-cia-11-319] The increase of phosphatidylserine exposition was paralleled by an increase of ROS, representing oxidative stress.[@b57-cia-11-319] The authors concluded that anemia of the aged might be due to enhanced eryptosis. Bearing in mind the increased evidence of an association between aging and ROS and the finding of elevated levels of ROS in the heart[@b58-cia-11-319] and vasculature[@b59-cia-11-319] of aged patients and the assumed association of ROS with inflammaging,[@b35-cia-11-319] the conclusion by Lupescu et al[@b57-cia-11-319] sounds highly interesting. Besides the ROS triggers, Lang and Lang[@b55-cia-11-319] also listed several morbidities like diabetes mellitus, chronic heart disease, chronic renal insufficiency, and dehydration to be associated with eryptosis.[@b55-cia-11-319] These comorbidities are often seen in geriatric patients. In the study by Lupescu et al, seven patients suffered from diabetes mellitus, 14 from chronic kidney disease, and four from heart failure.[@b57-cia-11-319] These comorbidities might therefore also be held responsible for increased eryptosis. Although until now the exact underlying mechanisms are still unclear, one might assume a close connection between inflammaging, anemia, and frailty ([Figure 1](#f1-cia-11-319){ref-type="fig"}) with ROS in the center position, fed by comorbidities and inflammaging; ROS might cause eryptosis, the link to ACI, which has been shown to be the most frequent type of anemia in the aged. The final common path will lead to frailty ([Figure 1](#f1-cia-11-319){ref-type="fig"}). However, this hypothetical context remains to be proven.

Management options for anemia in frail patients
===============================================

Despite the diverse causes for anemia in the aged, the lowest common denominator of iron deficiency anemia (IDA), ACI, or UA is iron deficiency, either absolute with empty iron stores like in IDA, or functional with the incapacity to release iron from the full iron stores like in ACI. Therefore, iron substitution is still the mostly recommended symptomatic treatment in IDA and ACI[@b60-cia-11-319] as well as in iron-deficient UA.[@b61-cia-11-319] Diagnosis and treatment of the underlying diseases are necessary in IDA and ACI, but interventions should always be adjusted to the individual geriatric patient's wish and prognosis in a harm--benefit balancing manner, based on comprehensive geriatric assessment results.

Oral iron substitution has been the gold standard in anemia treatment for decades.[@b62-cia-11-319] However, the discovery of hepcidin as a key factor in iron homeostasis[@b63-cia-11-319],[@b64-cia-11-319] and analysis of its role in connection with chronic inflammation[@b64-cia-11-319],[@b65-cia-11-319] revealed that hepcidin causes functional iron deficiency by binding to and degrading the iron export protein ferroportin.[@b64-cia-11-319] This leads to reduced enteral iron resorption and trapping of iron in macrophages and hepatocytes.[@b65-cia-11-319] In patients with ACI and inflammation-associated increase of hepcidin, oral iron substitution will therefore be ineffective and intravenous iron substitution is recommended.[@b60-cia-11-319] Several recent studies have shown that intravenous iron application is also safe in geriatric patients with chronic inflammation-associated anemia.[@b66-cia-11-319]--[@b68-cia-11-319] Oral iron substitution is usually recommended in case of absolute iron deficiency.[@b69-cia-11-319] Results of a recent meta-analysis of oral iron substitution in older patients indirectly confirms this recommendation by revealing an increase of Hb after 4--6 weeks of oral iron substitution.[@b70-cia-11-319] However, a recent study by Silay et al[@b71-cia-11-319] raises doubts if this recommendation of oral iron substitution can be transferred to geriatric patients. In their cross-sectional study of 100 IDA patients divided into the age groups ≥65 years and \<65 years, they revealed a significantly lower iron absorption among older patients ≥65 years compared to the younger patient group. A possible association with "inflammaging"[@b35-cia-11-319],[@b72-cia-11-319] is speculative because underlying reasons remain subject to further research.

According to the transfusion guidelines of the German Medical Association, transfusion of red blood cells is usually indicated in case of severe, symptomatic anemia to prevent hypoxemia.[@b73-cia-11-319] A restrictive strategy is recommended in patients without cardiovascular diseases with erythrocyte transfusion only if Hb is \<6 g/dL.[@b73-cia-11-319] A recent Danish study on erythrocyte transfusion in postoperative orthogeriatric hip fracture patients compared a restrictive (Hb \<9.7 g/dL) with a liberal (Hb \<11.3 g/dL) transfusion strategy.[@b74-cia-11-319] It revealed similar recovery of activities of daily living among the two study groups, but a significantly lower mortality rate in nursing home patients undergoing the liberal erythrocyte transfusion strategy.[@b74-cia-11-319] The fact that the Hb threshold of the restrictive strategy group was even above the threshold recommended by the German Medical Association underlines the urgent need for further research on transfusion strategies in geriatric patients to find the appropriate Hb thresholds.

Recent findings about the assumed interaction between immunosenescence and inflammaging, anemia of the aged, the importance of ROS, and the key enzyme of iron metabolism hepcidin have opened new research fields of therapeutic strategies. A very detailed review by Macciò and Madeddu[@b47-cia-11-319] focuses on the management of ACI in older patients. It highlights the current knowledge about hepcidin-antagonizing agents in ACI to prevent iron trapping and the antagonization of the IL-6 pathway to lower hepcidin levels.[@b47-cia-11-319] They concede a potential beneficial effect to endogenous and exogenous antioxidants for the protection against oxidative damage caused by ROS, but also underline the lack of data to issue general recommendation.[@b47-cia-11-319]

In conclusion, there is growing evidence of a close pathogenetic association between frailty, anemia of the aged, and inflammation, even though the underlying mechanisms still remain unclear. Further research on this field would contribute to new diagnostic and therapeutic strategies and might improve older patients' outcome.
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